Propolis (bee glue) is a sticky resinous material applied by honey bees Apis mellifera L. as a building material in their hives and as a defensive substance against infections. Propolis has been used as a remedy in traditional medicine systems all over the world, mainly to treat wounds and burns, sore throat, stomach ulcer, etc. Modern science has confirmed the antimicrobial and antiviral action of propolis, and has discovered numerous other beneficial pharmacological properties of bee glue: immunomodulating, anti-inflammatory, antiobesity, antitumor, and many others. For this reason, a significant number of products containing propolis have been developed and commercialized: medical devices, over-the-counter preparations, health foods and beverages, cosmetics. This review does not deal with propolis applications in the improvement and protection of human health. Instead, it is focused on some new and promising areas of propolis use and innovative propolis-containing products that have emerged in the last few years: improving the growth performance of livestock, food preservation, food packaging, textile materials for biomedical application, etc.
INTRODUCTION
Propolis (bee glue) is a sticky resinous material applied by honey bees Apis mellifera L. as a building material in their hives. Bees use it to block holes and cracks and to cover the internal walls of the hive. Propolis is also an important element of the so-called social immunity of honey bees: it can be considered a part of the bees' social immune system, providing the colony as a whole with some general defence against infections and parasites [1] because of its antimicrobial properties.
Bees produce propolis from lipophylic resinous materials which they collect from different plant parts (buds, young leaves, resins, etc.) by mixing them with wax and saliva [2] . They take the material for propolis production from plant excretions, which protect vulnerable parts of living plants from microbial infections. Thus, honeybees make use of the biosynthetic capacity of plants and utilize the secondary plant metabolites, forming the resins, for the same purpose as the plants: for protection. As a result, the activity against diverse microorganisms is an inherent property of propolis, a fact recognized by human beings millennia ago. Propolis has been used as a remedy in traditional medicine systems all over the world, mainly to treat wounds and burns, sore throat, stomach ulcer, etc. [3] . Modern science has confirmed the antimicrobial and antiviral action of propolis, and has discovered numerous other beneficial pharmacological properties of bee glue: immunomodulating, anti-inflammatory, antiobesity, antitumor, and many others [4] . For this reason, a significant number of products containing propolis have been developed and commercialized: medical devices, over-the-counter preparations, health foods and beverages, cosmetics. The interest of consumers and the demand for such products is steadily growing [5] .
It is very important to note that the chemical composition of propolis is far from constant. It varies significantly depending on the specific plant resin used by the honeybees in propolis production. At different locations with their particular climatic and phyto-geographic conditions, the plant sources are different and as a result the chemistry of propolis alters dramatically [6] . This could be a grave problem in propolis standardization and quality control [6] , although serious efforts have been made to overcome this problem and some results have already been achieved [7] . Notably, although of different chemical composition, propolis from different locations always demonstrates considerable biological activity [8, 9] .
Obviously, propolis has a number of applications in the improvement and protection of human health. However, in this review we will not deal with these applications. Instead, we will focus on some new and promising areas of propolis use and innovative propolis-containing products that have emerged in the last few years.
PROPOLIS CHEMISTRY AND CHEMICAL DIVERSITY
Whatever the suggested applications of propolis, its use is based on its chemical and biological properties, and these properties are determined by the chemical constituents of the propolis. As already mentioned, propolis chemistry is highly variable; it depends on the source plant and respectively on the specificity of the local flora at the site of collection, as well as on the preference of honeybees towards specific available botanical sources. A brief overview of published chemical data reveals that in a particular phyto-geographic region, bees demonstrate a constant and unambiguous preference for particular propolis source plants, and for this reason, different propolis types exist (for recent review articles on propolis chemistry, see [10] [11] [12] [13] ).
It is important to note that different propolis types contain constituents of diverse structural types, mainly phenolics of different classes. Basic information on the most widespread propolis chemical types and their major constituents is presented in Table 1 .
The useful properties of propolis are due to its plant-derived constituents but, surprisingly, the different chemical composition does not always lead to significant differences in pharmacological and physicochemical properties. Nevertheless, some specificity has been observed; for example, the diterpene-rich Mediterranean propolis has weak antioxidant activity, in contrast to the polyphenol-rich types (especially Brazilian green and poplar type), while its antibacterial properties are comparable to those of poplar type. For this reason, studies of any type of propolis application must always be accompanied by chemical characterization of the particular propolis used in the experiments, or at least by determining the chemical type of this propolis. During the last decade, the awareness that propolis is a product of variable chemical composition and that there are many propolis types became common knowledge. Nevertheless, a significant number of studies on propolis pharmacology and applications are yet published without any chemical analysis of the bee glue, and this makes them practically useless. This is most unfortunate because, among them, there are investigations of high quality, regarding the biological and technological content, and also ones that report valuable applications.
NEW FIELDS OF PROPOLIS APPLICATION
The information concerning uses of propolis in areas other than human medicine and quality of life is represented in Table 2 , grouped in accordance with the specific applications.
One of these areas is the use of propolis in improving the growth performance and productivity of livestock. The test subjects have been different animal species, including poultry (chickens, laying hens, quails) [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] , lambs [49, 50] , cattle [51] , sheep [52] , pigs [53] , and fish: sea bass [54] , rainbow trout [55] [56] [57] , Nile tilapia [58] [59] [60] , and carp [61] (Table 2 ). In general, propolis has a positive effect on the biochemical parameters, growth and productivity of the test animals, and is regarded as a possible alternative to antibiotics in animal feed. In addition, it has the advantage of not inducing resistance in microorganisms [120, 121] .
It is important to note that in the literature there are many articles dealing with the effect of propolis on the growth and productivity of domestic animals, many more than the references cited in Table 2 . The reason for not mentioning them in this review is the fact that their authors have not presented any information on the propolis used: neither the geographic origin, nor chemical data. In many cases, there are no data even about the method of extraction or treatment of the propolis in order to administer it to the test animals. Such results are irreproducible and have no real scientific value, thus they have not been summarized here.
Another area of intensive research in the last few years is the application of propolis in the preservation of foods. Food preservatives include mainly antimicrobials and antioxidative agents. Antimicrobials added to foods serve two purposes: to control natural spoilage of food and to avoid/control contamination by microorganisms, including pathogenic ones (of food safety concern) [122] . On the other hand, food antioxidants are used for extending shelf life and impeding decay [123] , mainly by preventing lipid peroxidation and rancidification, which are the most common types of oxidation occurring in foodstuffs during storage [124] . Propolis favorably brings together antioxidant and antimicrobial properties, and low toxicity. This remarkable combination makes it an excellent candidate for preserving different foods. Successful experiments have been performed for utilization of propolis extracts in the preservation of numerous products: fruit juices [62] [63] [64] [65] , fruits [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] , vegetables [78] [79] [80] [81] [82] [83] [84] [85] , eggs [86] [87] [88] [89] [90] [91] , meat and fish products [92] [93] [94] [95] [96] [97] [98] [99] [100] (Table 2 ). This field of application of propolis is rapidly growing, as indicated by the growing number of publications. In addition, these studies as a rule include a reasonable chemical characterization of the propolis used. However, the large-scale commercial use of propolis as a food preservative is not yet a reality, because it would require proper standardization. [35] Ross 308 Broiler Chick (heat stressed) 70% Ethanol extract Eastern Anatolia [36, 37] Broiler chicks (male Ross 708) -Brazilian green type [38] Broiler chickens 70% Ethanol extract Poplar type, Iran [39] Broilers (Ross 308) 70% Ethanol extract Poplar type, China [40] Broiler chickens 50% Ethanol extract Adquirió en Maringá-PR, Brazil [41] Chickens Hubbard JV 80% Ethanol extract Slovak Republic [42] Chicken hybrid combination Ross 308 80% Ethanol extract Slovak Republic [43] Meat-type chicken Nanbu Kashiwa Propolis residue after alcohol extraction Iwate, Japan [44] Broiler chick Alcoholic extract Brazilian green type [45] Local quails Raw propolis Duhok, Iraq [46] Laying hens, heat stressed 70% Ethanol extract Eastern Anatolia [47] Hens' egg incubation -Central zone of Republic of Moldova [48] Ungulate domestic animals Lambs 70% Ethanol extract Brazilian green propolis [49] Lambs (Santa Inês x Dorper) 70% Ethanol extract Brazilian red propolis [50] Crossbred (½ Angus vs. ½ Nellore) bulls Ethanol extract Maringá PR, Brazil [51] Castrated male sheep 70% Ethanol extract Pernambuco State, Brazil. [52] Growing pigs 70% Ethanol extract Poplar propolis [53] Fish Juvenile European sea bass (Dicentrarchus labrax L.) at low temperature stress Water extract Dalmatia region, middle Croatia [54] Rainbow trout (Oncorhynchus mykiss) 95% Ethanol extract Kunming, China [55] Rainbow trout (Oncorhynchus mykiss) 96% Ethanol extract Iran [56] Rainbow trout (Oncorhynchus mykiss) 80% Ethanol extract Urmia, Iran [57] Nile tilapia (Oreochromis niloticus) Water extract Egypt [58] Nile tilapia (Oreochromis niloticus) Cereal alcohol extract Brazilian brown propolis [59] Nile tilapia (Oreochromis niloticus) fingerlings Ethanol extract Dakahlia province, Egypt [60] Carp (Cyprinus carpio) 70% Ethanol extract Poplar type [61] Preservative effect in food industry Beverages Unpasteurized fruit juices (apple, orange, white grape and mandarin) Ethanol extracts Turkey [62] Unpasteurized juices 30% Alcohol extract Kozie Kąty apriary (southern Poland). [63] Apple juice 80% Ethanol Kayseri, Turkey. [64] Apple juice Food supplement containing raw propolis Poplar type propolis, Spain [65] Production of distilled beverages Ethanol extracts
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New emerging propolis applications
Bebedouro-SP, Brazil: green propolis; Formiga-MG, Brazil: brown propolis [66] Distilled beverage (sugarcane spirit) 80% Ethanol extract Brazilian green and brown propolis type [67] Fruits Mandarins Ethyl acetate extract Hebei Province, China [68] Orange 96% Ethanol extract Iraq (Baghdad) [69] Apple 96% Ethanol extract Iraq (Baghdad) [70] Sweet cerry Ethanol and water extracts Hatay province, Turkey [71] Grapefruit cv. Star Ruby 70% Ethanol extract Hatay province, Turkey [72] 'Kent' mango fruits 70% Ethanol extract Brazilian green type [73] Dragon fruit 80% Ethanol extract Selangor state Malaysia; China [74, 75] Papaya 95% Ethanol extract China [76] 
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Papaya (Carica papaya L. cv. Hawaiiana) Ethanol extract Llanta Azul apiary, Zaragoza (Antioquia -Colombia) [77] Vegetables Rice (Oryza sativa, var. hinohikari) Absolute ethanol, methylene chloride and hexane extracts Brazilian green propolis [78] Carrot (minimally processed) 25% Water and alcohol extracts Brazilian green propolis [79] Lettuce Ethanol extract Bragança, Portugal [80] Cucumber 70% Ethanol extracts Pato Branco (PR), Brazil [81] Beans, carrots against white rot disease Alcohol extract Iraq [82] Mixed vegetables for soup Propolis extract Argentina [83] Celery, leek and butternut squash (minimally processed) Ethanolic extract; standardized to 10% propolis extract Mendoza province, Argentina [84] Chilli (Capsicum annuum L.) Ethanol extract Brazilian green propolis [85] Eggs Eggs quality during storage 70% Ethanol extract Hatay province, Turkey [86, 87] Japanese quail eggs 70% Ethanol extract Hatay province, Turkey [88] [89] [90] Hens eggs Ethanol extract Parana state, Brazil, [91] Meat products Fresh oriental sausage 95% Ethanol extract Cairo, Egypt [92] Sausages 96% Ethanol extract Boyacá, Colombia [93] Fermented meat sausage "Alheira" 95 % ethanol Vila Franca, Viana do Castelo, Portugal [94] Beef patties Commercial ethanol extracts Sonora, Mexico, poplar type [95] Poultry meat product-cured cooked ham 96% Ethanol extract Slovakia [96] Fish products Nile tilapia (Oreochromis niloticus) fillets, frozen storage Water extract Egypt [97] Cachama fish (Piaractus brachypomus) fillets (refrigeration) 96% Ethanol extract Boyacá, Colombia [98] Fresh fish burgers 70% Ethanol extract La California, LI, Italy [99] Fresh shibuta (Barbus grypus) fillets Water extract Fanus Natural Company, Trabzon, Turkey [100] Others Milk protein concentrate (diary beverages) 94 % Ethanol extract Water extract Canada [101] Food packaging Chitosan-propolis coated polypropylene films 80% Ethanol extract Konya region, Turkey. [102] Antimicrobial edible coating of Bell Pepper 95% Ethanol extract China [103] Active film with antimicrobial effect, reduces oxidation of butter during storage 70% Ethanol extract Brazilian red propolis [104] Lactic acid polymer packaging films containing propolis Standardized propolis extract EPID  Italy [105] Cassava starch films containing propolis
Commercial ethanolic propolis extract Brazil, 12% (w/v) dry solid Brazil [106] Textile materials for biomedical applications Antibacterial activity, water repellent and UV protection of cotton textiles 70% Ethanol extract Monofia province, Egypt [107] Antibacterial finishing of cotton fabrics 30% Ethanol extract North-East Romania [108] Electrospun propolis/polyurethane composite nanofibers THF/DMF solution Australia [109] Electrospun bicomponent mats of poly(vinyl alcohol) (PVA) and aqueous propolis solution Water extracts Vilnius, Lithuania [110] Orally fast dissolving fibers by electrospinning process with polyvinyl pyrrolidone (PVP) and polyvinyl alcohol (PVA) 70% Ethanol extract Chiangmai Healthy Product Co., Ltd. (Thailand) [111] Other applications
Inhibition of corrosion for carbon steel in aqueous media Water propolis extract Poplar type Daqahlia province (delta Nile), Egypt [112] Propolis as a novel membrane and its application in phenol biosensors Acetone extract Urmia, northwestern Iran [113] 1 2 3 4 Propolis in organic/inorganic interfaces optoelectronic applications 96% Ethanol extract Ukraine [114, 115] Nanodiamond Restorative Materials containing propolis (hydrogel) Hydroalcoholic extracts Australia Brazilian green propolis type Uruguyan Propolis [116] Application to air filters (in air purifiers or heating, ventilation, and air-conditioning (HVAC) systems)
Ethanol extract Korea [117, 118] Effect on the ruminal degradation of nutrients and reduction of methanogenesis in ruminants 70 % ethanol extract Brazilian red Egyptian brown [119] Closely related to food preservation is the application of propolis as a constituent of the socalled active packaging materials, based on the incorporation of active substances, mainly natural antimicrobial and antioxidant agents, in food biopackaging materials [105] . Its incorporation in polylactic acid films, and films obtained from starch and cellulose nanocrystals, has given excellent results in the preservation of cheese, butter [104] and bell peppers [103] . It has been confirmed that propolis can be used successfully in a coating of gelatin or cellulose nanocrystals onto plastic films, whereas coating of propolis directly on cellulosic materials is not suitable as a packaging material because of the lack of stability of the polyphenol fraction [125] . The diffusivity of propolis compounds in polylactic acid polymer for the development of anti-microbial packaging films has also been studied [105] .
Incorporation of propolis in textiles for producing antimicrobial textile materials for different purposes, such as wound dressing, tissue engineering, medical and hygienic use, has also been studied. Propolis has been used either by the incorporation of a small amount of bee glue in electrospun polymer microfibers [109, 110] , or as an ecofriendly finish for cotton fabric within the scope of a green strategy [107, 108] .
A few other, unexpected applications of propolis are presented in Table 2 under Others: as a corrosion inhibitor, as a pesticide in horticulture, for optoelectronic applications, in air filters, etc. Propolis could even contribute to the actions against global warming, because it reduces the methanogenesis in ruminants [119] . Only time will tell whether these applications will be widely accepted.
CONCLUSIONS
The review of recent propolis literature demonstrates the potential of propolis to be used for the development of diverse innovative products, not only medicines and cosmetics but also in the field of the food industries, packaging, animal husbandry, etc. For this to happen, the combined efforts of researchers and technologists from different areas will be needed in order to make better use of bee glue.
